Mutagenesis and neoplastic transformation assays on mammalian cells in culture have been extensively used for quantitative estimates of the activity of carcinogens, in spite of the limitations that such in vitro systems have when compared with in vivo systems for tumor induction. In order to assess the validity of these correlations, a series of studies was undertaken in our laboratory with the BALB/3T3 CI A31-1-1 mouse embryo cell line. Different carcinogens were found to induce dose-dependent frequencies of transformation, including the direct-acting alkylating agent N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) and carcinogens that were metabolically activated by these cells through different pathways (benzo[a]pyrene, 3-methylcholanthrene, aflatoxin B,, and benzidine). Their respective level of activity on a molar basis was different from that obtained in standard Salmonella + S9 mutagenesis tests. Studies currently underway indicate the possibility of lowering the serum content in the medium considerably, thereby reducing a major variable in the assay. Methods were established for the induction of ouabain-resistant (oua') mutants in these cells. Studies were conducted by applying 30-min MNNG exposures to cells that were synchronized by serum deprivation followed by serum-induced release from growth block. While maximal induction of mutants occurred in the S phase, the transformation frequency remained constant for treatments in GI and early or late S. In subsequent studies, cytotoxicity, alkali-labile DNA lesions, oua' mutations, and neoplastic transformation were analyzed concurrently in this cell line after cells were exposed to two concentrations of MNNC and the exposures were protracted for different time periods (30, 60, 90, 120, and 240 min; 24, 48, and 72 hr). A marked temporal dissociation was found in the exposure times required to induce maximal frequencies of mutations and of transformation. Cytotoxicity increased for periods up to 100-200 min; mutations reached a maximal induction level after a much shorter exposure time (30-60 min); DNA damage detected by alkaline elution was already maximal by 30 min. Transformation frequencies, however, reached maximal levels only after exposure periods 1-3 hr longer than those required for maximal mutation. The ratio of transformation to oua' mutation frequencies was 3.7 for short treatment times (30-60 min), but it increased to more than 20 for exposure times of 240 min or longer. These studies support the hypothesis that a single gene mutational event is not sufficient to account for the expression of neoplastic transformation.
INTRODUCTION
The process of neoplastic transformation induced by chemical carcinogens continues to be studied in several types of target cells by many different methodologic approaches, including not only in vivo models, but also cell culture systems. Neoplastic transformation is emerging as a complex phenomenon developing in stages over a period of time and requiring the concurrence of several different contributing causal factors.
It is important to remember that, following a well-defined adminstration to experimental animals or a well-identified human exposure, certain chemical carcinogens can produce all the necessary changes that make a normal organism develop an invasive, metastisizing cancer-provided that they meet an appropriate host. Under conditions of high exposure, up to 100% of the exposed subjects can develop tumors, as seen both in experimental animals, e.g., with benzo[a]pyrene (BP) for the respiratory tract of hamsters (32) , and in humans, e.g., with aromatic amines for the bladder (33) . The exciting challenge of chemical carcinogenesis research today is to correlate the pathologic manifestations of tumor induction in target tissues in vivo with the underlying cellular and molecular causative mechanisms.
Our laboratory has worked in the last decade primarily on epithelial carcinogenesis in vivo and in vitro, with animal and human target tissues, because our interest was in linking the mechanisms of carcinogenesis ultimately to the events of human pathology. The study of neoplastic transformation in cells in culture provides the opportunity to investigate some of the crucial events directly induced in the target cells and to examine the correlations between transformation and the other effects of carcinogens, including cytotoxicity, DNA damage and repair, mutation, and gene activation. Work in the laboratory continues to be addressed to the development of optimal culture systems for growth and transformation of epithelial cells from the major target tissues of carcinogenesis, such as the epidermis and the respiratory epithelium. At the present time, however, epithelial transformation systems are not as well-defined for quantitative transformation studies as are some other systems based on the use of mouse embryo fibroblast cell lines. We have, therefore, conducted a series of studies with the BALB/3T3 C1 A31-1-1 cell line in order to investigate some basic aspects of their response to carcinogens and to gain an appreciation of this cell system which is currently used in several laboratories as one of the short-term tests for carcinogenicity bioassays.
CHARACTERIZATION OF THE CELL LINE, OF ITS

METABOLIC COMPETENCE, A N D OF SELECTED
CULTURE AND ASSAY CONDITIONS
The BALB/3T3 clone A31-1-1 was isolated by Kakunaga and Crow (23) as a subclone of the late passage clone A31-1 derived by Aaronson and Todaro (1) from their BALB/ 3T3 cell lines, established from BALB/c mouse whole embryo cell cultures by a transfer schedule that minimizes cell-cell contact (every 3 days, transfer of 3 x 10' cells.) Several clones, showing different rates of spontaneous and induced transformation, were isolated by Kakunaga and Crow (23) . After preliminary experiments on the susceptibility of several subclones, we selected the A31-1-1 clone used in all these studies as having a relatively low spontaneous incidence of type 111 transformed foci (about 1 x per surviving cell), but a high frequency of chemically induced transformation (up to 1 x or higher). Since we were interested in comparative studies with different carcinogens, we selected this cell line also because it was susceptible to transformation induced not only by direct-acting carcinogens like ultraviolet light (23) or the alkylating agent Nmethyl -N 'nitro -Nnitrosoguanidine (MNNG) (lo), but also by carcinogens requiring metabolic activation through different pathways, such as BP, 3-methylcholanthrene (MCA), aflatoxin B, (AFB), and benzidine (BZ). All these carcinogens produced dosedependent transformation responses showing that the cells were metabolically competent to activate all the different required metabolic pathways (10). Only cells at passages 7- 14 were used. These studies were reported together with the standard procedure for transformation assays adopted in our laboratory (lo).
In the assays, 1 x lo4 cells were seeded in 60-mm plastic dishes with 5 ml of minimal Eagles' medium (MEM) with 10% fetal bovine serum (FBS) . After a period of 24 hr for cell attachment, 10 p1 of the test solution were added to the medium, which was replaced 3 days later with fresh medium and then changed twice weekly. The cultures were fixed and stained 5 weeks after the initial seeding. The level of activity of each carcinogen in this transformation assay was estimated on a comparative molarity basis (10); the initial molar concentration of carcinogen in the medium, required to induce a transformation frequency/surviving cell of 1 x type I11 foci, was found to vary nearly 1ooo-fold when comparing BP (0.04 p~) , AFB (0.2 to 1.4 p~) ,
MCA (1.1 p~) , MNNG (2.3 p~) , and BZ (30.0 p~) .
The relative levels of activity of different carcinogens in this transformation assay system, however, appear different from those obtained in other short-term assays, e.g., the Ames Salmonella mutagenesis test (TA 100 with added metabolic activation) for which we obtained the following activity relationships, AFB >> BP = MNNG >> BZ (34) .
The relative activities of different carcinogens also vary in the transformation assay according to test conditions, e.g., exposure time. Subsequent studies showed that different exposure times were needed to reach maximal transformation rates with different carcinogens depending on their metabolic activation and degradation rates. These considerations suggest that it is inappropriate to use quantitative results obtained in a particular set of short-term test conditions as a single general index of the expected activity of a chemical in vivo.
Additional studies were conducted in this cell system with inorganic compounds. Neoplastic transformation was induced by arsenic. As3+ was found to have higher toxicity than As5+. Transformation foci were induced by As3+ at concentrations of 10-30 p~, while As5+ was negative. The transformed foci were isolated and found positive in assays for growth in soft agar.
The standard culture procedure for this cell system, as for many others, includes the addition of 10% FBS to the basal nutrient medium. A well-known problem affecting the standardization of the assays and the reproducibility of quantitative results is represented by the marked variability of biologic effects of different batches of serum. Practically, serum batches are tested out to select those that support cell growth and transformation at approximately the expected rates. Serum contains many undefined and variable components which can either enhance or inhibit growth and transformation. Since serum-free chemically defined media are being developed for a number of cell culture systems, we have started to develop new culture conditions that would minimize or eliminate serum requirement and optimize the culture medium for this cell system. This approach has been recently discussed in detail (20). Preliminary tests with the BALB/3T3 A3i-I-1 cell line have demonstrated that lowering the serum level from 10 to 3% still supports growth and transformation effectively. At lower tested serum levels (1 %), supplemental growth factors are needed to replace serum; these studies are underway. In another series of studies on growth and transformation of primary and secondary cultures of epidermal keratinocytes from the same BALB/c mouse strain, excellent results were obtained with a serum-free medium made of low Ca2+ MEM with added nonessential amino acids and several factors (2). Further studies in this epithelial cell system clearly show that certain serum components inhibit cell growth while others enhance it; their balance varies in different serum preparations (3).
The BALB/3T3 C1 A31-1-1 cell line is highly aneuploid. Karyotype analyses showed that the modal chromosomal number of the nontransformed cells is subtetraploid, with 98% of the metaphases having 70-80 chromosomes. Transformed lines obtained with various carcinogens showed an increased proportion of cells with 100-140 chromosomes per metaphase, but large variations were found within and between transformed lines. The banding patterns of untreated and chemically transformed clones showed several marker chromosomes. These studies so far failed to provide any conclusive correlation between the chromosomal abnormalities and particular transformation mechanisms (7) . The karyologic evidence, however, emphasizes that the genome of these cells has undergone profound alterations in the course of the selection of the cell line, indicative of its preneoplastic state, and that further changes are brought about by carcinogens.
M U T A T I O N ASSAY F O R OUABAIN RESISTANCE (oua')
In order to investigate the relationships between mutation and transformation mechanisms induced concomitantly in the same target cells, a ouar mutation assay was devel-TOXICOLOGIC PATHOLOGY oped for the BALB/3T3 C1 A31-1-1 cell line and optimal test conditions were selected using MNNG as mutagen: 5 X 1 0 ' cells were plated in 75-cm2 flasks with 10 ml of MEM + 10% FBS; 18 hr later, they were treated for 30 min with the mutagen MNNG in MEM without serum; then they were washed and incubated in complete medium for 48 hr, trypsinized, and replated in 100-mm dishes with 10 ml of nonselective medium at a density of 2 x lo5 cells/dish; 24 hr later, the medium was changed to a complete medium containing 2 mM ouabain; after 10-12 days, the cultures were fixed and stained and the mutant colonies scored (6). A linear doseresponse relationship was demonstrated for MNNG-induced oua' mutations. Concomitant transformation assays showed that transformation frequencies (type 111 foci/surviving cell), induced by the same 30-min treatment with doses from 0.25 to 2.0 pg/ml of MNNG, were only 1.6 to 6.1 times higher than the mutation frequencies (6). Much higher ratios of transformation to mutation frequencies were reported in other studies; some studies report transformation frequencies based on type I1 and type I11 foci together. The MNNGinduced transformation frequencies observed in our previous experiments with 72-hr exposures (10) were considerably higher. Further studies, discussed below, clarified this discrepancy.
CELL CYCLE-DEPENDENT MUTATION AND INDEPENDENT TRANSFORMATION INDUCED BY MNNG
Cell proliferation is required for the fixation of the transformed state (21, 22). Cell proliferation may simply allow expression of the transformed phenotype to occur in cells that are randomly initiated throughout the cell cycle or, alternatively, cells in a particular phase of the cell cycle may be more susceptible to transformation. Transformation by MNNG of the C3H/10T1/2 C1 8 cell line was reported to be more effective in cells that were synchronized and treated during the S phase or at the G,/S boundary than in nonsynchronous cell populations (4, 17, 18, 27, 28). Cell cycle specificity for induced mutagenesis was found in some cases but not in others, depending on the cell type and the mutagenic agent. The availability of concomitant transformation and mutation assays in the present cell system prompted a preliminary investigation on the relationships be-tween mutation and transformation response at different phases of the cell cycle.
A new synchronization procedure was developed as suggested by based on blocking cell proliferation by use of a serum-free medium supplemented with factors that support cell survival but not replication; subsequent addition of FBS induces synchronous growth. Logarithmic phase cells were plated in serum-free medium MCDB 402 containing insulin (1 pglml), dexamethasone (5 x M), and fibronectin (3 pg/ml) and maintained in this medium for 3 days without refeeding; at the end of this time, the cultures were in a nonproliferative state. Cultures were then refed with complete medium (MEM + 10% FBS) and monitored for their ability to proliferate synchronously through the incorporation into DNA of [3H-]thymidine ([3H-]TdR) (New England Nuclear). For this purpose, 2 X 10' cells/ 35mm dish were pulse-labeled with [3H-] TdR, by adding 1 pCi/ml for 30 min in complete medium. Triplicate cultures were used for each point determination. The cultures were then washed twice with phosphatebuffered saline and cells were collected by wiping the dishes with a cotton-tipped applicator (35) . The cotton tips were then immersed in 10% ice-cold trichloroacetic acid for 10 min, rinsed for 10 min in cold 95% ethanol, and dried thoroughly. Each cotton tip was then removed from its stick and put in scintillation vials containing 10 ml of scintillation fluid (Aquassure, New England Nuclear). Radioactivity was counted with a Beckman LS9800 liquid scintillation counter. The level of incorporated [3H-]TdR was expressed as cpm/lO' cells. This rapid method for collecting cells was found to provide similar results to those obtained by cell trypsinization, lysis, and filtration (18).
No thymidine was incorporated during the first 10 hr after addition of serum. Incorporation began after 12 hr and increased to a maximum at 22 hr, i.e., 10 hr after the onset of the S phase. The autoradiographic determination of synchrony is given in Table I. Mutation and transformation frequencies were determined after 30 min treatments with 2 p/ml of MNNG at time points selected as representative of different phases of the cell cycle, namely GI (3-4 hr), early S (14 hr), and late S (20 hr). The results are shown in Table 11 . Cytotoxicity remained constant at these 3 points of the cycle. Mutation fre- quency increased during the S phase (both at 14 and 20 hr) to levels over 4-fold higher than those in G,. In a subsequent experiment, the mutation frequencies induced at the GJS boundary (10 hr) were found to be intermediate between those in G, and those in S. For the transformation frequencies, however, no significant differences were found between GI, early S , and late S values. The transformation/mutation ratio was over 100-fold for GI values and about 20-fold for S values.
These results indicate that, in the present celI system, transformation and mutagenesis appear dissociated in their cell cycle dependence. MNNG revealed mutagenic specificity in the S phase in rat liver epithelial cells (38) and in mouse C3H/lOT1/2 cells (28) , but not in the Chinese hamster cell lines V79 and CHO (16, 29, 39) . DNA binding damage and repair with MNNG has not been studied in the present cell systems. It is possible that, as in bacteria (9, 31) and yeast (11) , the majority of mutations induced by MNNG are located in the replicating region of the chromosome because cells treated in GI have time to excise the potentially mutagenic damage before S (24, 40) . Our results are in agreement with the observations (24) that a lower mutation frequency is associated with a longer period in GI of the mutagen-treated cell population. Therefore, the cellular event criticaI for mutation induction should be semiconservative DNA synthesis on a template containing unexcised lesions. Support to this hypothesis comes from the observation that effectively synchronized C3H/IOT1/2 cells remove 06methylguanine, a possible promutagenic lesion (15) . in the pre-S and G, phases of the cell cycle, whereas no such removal occurs during the S phase (37) .
Changes in chromatin organization and condensation occurring during the cell cycle (19) could also affect the genetic damage induced by this alkylating agent, as reported for lethality and chromosomal aberrations induced by x-rays (12) . The oua' mutation assay used here does not measure total mutability of the genome, but only that of a single gene locus, i.e., the Na/K ATPase gene (25); the fact that different peaks of BUdR-induced mutations were reported for ouabain and 6thioguanine resistance suggests that these genes are replicated at two different times during the S phase (8). Lo and Kakunaga (26) recently reported to have found analogous quantities of DNA adducts after treatment with BP and similar rates of DNA repair in variant subclones of BALB/3T3-A31 having widely different susceptibilities to transformation induced by physical (23) or by chemical agents (26). Similarly, transformable and nontransformable variants of the C3H/lOTl/ 2 cell line treated with BP have been reported to show analogous frequencies of oua' mutants (14) .
Although mutation frequency was found to be maximally induced by MNNG in BALB/ 3T3 C1 A3-1-1 cells during the same phase of the cell cycle as reported for in both BALB/ 3T3 and C3H/10T1/2 C1 8 cells (28) , the cell cycle independence of transformation, reported here, suggests that this cell line has a more constant susceptibility to the transforming activity of MNNG than does the C3H/ 10T1/2 C18 cell line. Differences in the transformation response to MNNG were previously observed in this and other laboratories between C3H/10T1/2 and BALB/3T3-derived clones (6, 13); short treatment times with MNNG were sufficient to induce a dose-dependent neoplastic transformation in this BALB/3T3 clone (6), while negative results were obtained in nonsynchronous C3H/ 10T1/2 C1 8 in extensive tests over a wide range of concentrations (30) . Cell synchronization and treatment at the G,/S boundary (28) or in the early S phase (17) were necessary in C3H/lOT1/2 but not in BALB/3T3 (6, 10, 13; present data) to obtain a positive response for MNNG induced neoplastic transformation.
TEMPORAL DISSOCIATION IN MNNG
INDUCTION OF CYTOTOXICITY, DNA DAMAGE, MUTATION, AND TRANSFORMATION
Further evidence of dissociation between the mutagenic response and neoplastic transformation was obtained in a study (5) in which cytotoxicity, alkali-labile DNA lesions, oua' mutation, and transformation were analyzed concurrently in the BALB/3T3 C1 A31-1-1 cell line treated with MNNG for different exposure times (15,30,60,90,120,240, and 360 min; 24,48, and 72 hr). MNNG halflife in complete medium was approximately 68 min both without cells and in the presence of cell numbers corresponding to those used in the assays for cytotoxicity (2 X lo2 cells/ 60-mm dish), transformation (1 X lo4), and mutation (1 X lo5). Two dose levels of MNNG were used: 0.5 and 2.0 pg/ml. Maximal cytotoxicity was induced after an exposure time between 100 and 200 min, after which the cytotoxicity levels remained constant for each dose. Maximal frequency of ouar mutations, however, was reached after a much shorter exposure time of 30 to 60 min, respectively, after which the effect remained constant, at each dose, for all subsequent exposure times.
Alkaline elution analysis, after treatments at the dose of 0.5 pg/ml at MNNG, showed that maximal increase in single-strand breaks (ssb) was already reached by 30 min, with no further increases for exposures of 60 and 120 min. When 30-min exposures were followed by recovery periods of 30 or 90 min, it was found that progressively more ssb had been repaired in comparison with the corresponding continued exposures of 60 and 120 min, suggesting an even balance between additional DNA damage and its repair after 30 min.
Morphologic transformation assays, however, at the same doses and exposure times used in the mutation assays, resulted in fre-
EXPOSURE TIMES REQUIRED F O R MAXIMAL
quency curves that reached their maxima 1 to 3 hr later than did the mutation frequencies. The ratio of transformation to mutation frequencies was 3.7 for short exposure times min), but increased to over 20 for exposures of 240 min or longer.
These results show that the induction of single point mutations, as determined by oua', is concluded within a short period of time, and therefore, cannot explain the much longer maximal induction time required for transformation. These findings, together with the 20-fold or higher ratio of transformation to mutation frequencies, support the conclusion that MNNG-induced transformation in these cells is not due to a single gene mutational event, but involves a more complex multistep mechanism.
CONCLUSIONS
The BALB/3T3 cell system has proven to be susceptible to transformation by a number of physical and chemical agents, including among the latter several categories of carcinogens requiring different pathways of metabolic activation. It is a well-quantifiable system, although further standardization is desirable for the criteria used in scoring for transformation (e.g., type I11 versus type I1 foci). Preliminary evidence suggests that the major methodologic variable, represented by different batches of FBS, can be considerably reduced by lowering the serum concentration or possibly eliminated by adopting a serum-free medium with optimal supplemental factors.
A oua' mutagenesis assay has been developed and used in comparative studies on the concurrent induction of mutation and transformation. These studies have revealed marked dissociations in these two end points, particularly in relation to treatments at different phases of the celI cycle and for different durations of exposure.
Marked chromosomal abnormalities characterize the parent clone and the derived transformed cell lines induced by several different carcinogens. The role of chromosomal changes, e.g., translocations in the transformation process induced in these cells, needs to be considered.
Ongoing studies on the activation of transforming genes by carcinogens in this cell system, demonstrated by DNA transfection into the NIH/3T3 cell line, have-indicated that several carcinogens are capable of activating transforming genes and that at least three different transforming DNA sequences can be activated by the same carcinogen, BP, in this cell line (7) .
This cell system has been used as a toxicologic short-term assay for the evaluation of potential carcinogens, as have been other systems for cell transformation and mutation. Our experience suggests that great caution should be exerted in the interpretation of the results, particularly in quantitative terms, in view of the variability of responses obtained under various test conditions, c.g. different exposure times. The dissociation of mutation and transformation responses also discourages the use of quantitative mutation results as indices of carcinogenic activity.
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